We show that the excitation probability of a state within a manifold of levels undergoes Rabi oscillations with frequency determined by the energy difference between the states and not by the pulse area for sufficiently strong pulses. The observed dynamics can be used as a procedure for robust state preparation as an alternative to adiabatic passage and as a useful spectroscopic method.
where Ω 0 = µ 0 is the Rabi frequency (in atomic units), and the effective Rabi frequency, Ω eff = Ω 2 0 + ∆ 2 , takes into account the effect of the detuning. The detuning accelerates the rate of the population transfer and decreases the maximum transfer, hampering the efficiency and robustness of the preparation process. A general feature of detuning is to generate fast oscillating dynamical phases that modulate (and reduce) the coherent transfer induced by the Rabi frequency.
Logically, we may expect that increasing the system complexity will make more difficult to control the population dynamics, since more states will be involved and more effective detunings will modulate the Rabi oscillations. Indeed, one of the main problems of building quantum machines (e.g. quantum computers) is the ability to first isolate TLS and then couple these structures in a controllable way. In this work, however, we show that there are very general classes of structures, more complex than the TLS, where the additional states help to enhance the robustness of the population transfer. It turns out that in the presence of a driving field, the system dressed states are characterized by isolating a "two-level dressed substructure" (TLDS) where the dynamics occurs. Assuming constant fields for simplicity, the effective Rabi frequency driving the population dynamics within these two dressed states is of the form
where δ is a characteristic energy splitting of the system, and a, b, c are some relevant parameters. Whereas the dynamics of the ordinary TLS is governed by the largest system frequency (the Rabi frequency or the detuning), in the TLDS behavior is just the opposite; the driving force is always the slowest system frequency, given by the Rabi frequency, Ω 0 , at low field intensities, and by the splitting frequency, δ, at large intensities. This self-regulated behavior makes these systems promising candidates from which to build quantum machines, owing to the greater robustness of their coherent population dynamics. Note that, in this case, the speed of quantum operations (gates) is constrained by the energy splitting of the system and not by the strength of the external drive. We will refer to the oscillations induced by the effective Rabi frequency of the form of Eq. (2) or its time-dependent generalizations as anomalous Rabi oscillations (ARO).
To demonstrate the ARO we consider a four-level tripod system comprised of three non- Expanding the wave function as |Ψ(t) =
, where M is the magnetic quantum number in the ground state and the prime indicates the excited state, and applying the rotating wave approximation (RWA), the Hamiltonian can be written as
where ∆ = E 0 −hω is the single-photon detuning, ω is the carrier frequency, Ω(t) =
)}, Ω 0 is the peak Rabi frequency, τ 0 determines the pulse duration, and h.c. refers to the hermitian conjugate components. Choosing ∆ = δM we can resonantly excite the |0 state from any initial sublevel. Starting in the |0 sublevel, we obtain the most symmetrical arrangement when ∆ = 0. Figure 1 shows a sketch of the system including the couplings for the symmetrical arrangement (a) as well as one possible asymmetric configuration (b), where ∆ = −δ. In the figure we also present the time-dependent energies of the system dressed states for both configurations.
First, we consider the symmetric configuration of the system. In the adiabatic limit, the system dynamics can be described analytically. By diagonalizing the Hamiltonian, Eq. (3), we obtain the time-dependent energies of the dressed states
where
. From these expressions we see two limiting cases: for the weak fields, when Ω 0 δ, λ 1,2 (t) = ∓χ(t), while for large pulse intensities, Ω 0 δ, λ 1,2 (t) = ∓δ/ √ 3. We also observe that the dressed states come in pairs:
the distance between λ 1 (t) and λ 2 (t) is approximately bounded by the energy splitting due to avoided crossings with the other dressed states, and it remains small regardless of the pulse amplitude, while the distance between λ 3 (t) and λ 4 (t) increases following the Rabi frequency, Ω(t).
For the initial condition a 0 (0) = 1, the wave function at the end of the pulse depends only on the amplitudes a 0 and a 0 . Neglecting nonadiabatic couplings, the analytic solution of the time-dependent Schrödinger equation (TDSE) is
At the end of the pulse (t = T ) the target state population follows the area theorem P = sin 2 (A/2) with A = 2 T 0 dtλ 2 (t), similar to the TLS dynamics. For small pulse intensities
(Ω 0 δ), the area is proportional to the integral of the Rabi frequency,
This is the expected result since the system is essentially a TLS. There are small deviations up to third order in the Rabi frequency (second term in the square braces) due to the presence of the |±1 states. However, in the limit of large pulse intensities the area remains practically constant. There is a coherent saturation effect and the yield of population transfer becomes much more robust as the field intensity increases, contrary to the standard TLS result [1] .
In practice this leads to very slow oscillations in the final state which are controlled by the Zeeman splitting, δ. The presence of the ARO requires the isolation of a TLDS, which depends on the symmetry of the system. For instance, if we choose to start in the | ± 1 levels fixing the detuning accordingly (∆ = ±δ), as shown in Fig. 1(b) , then we observe the regular Rabi oscillations that basically depend on the pulse area. This is because the populated dressed states, λ 1 (t) and λ 3 (t), are the lowest pair (see Fig. 1(d) ), and the generalized pulse area,
, is dominated by the dynamic phase accumulated by the lowest dressed state, whose Autler-Townes splitting approximately follows the field envelope. In the adiabatic limit we can obtain analytic results for the asymmetric configuration although the expressions are more cumbersome and we are not presenting them here. In Fig. 2(c What is essentially required to observe ARO? As mentioned above, we need to isolate the TLDS among the set of all levels. This implies using relatively long pulses, with bandwidth smaller than the energy spacing, such that there is no transient absorption to other states induced by the lack of energy resolution. The ARO can only be observed at large Rabi frequencies, where the effective Rabi frequency no longer depends on the pulse amplitude, as in the standard Rabi oscillation regime, but on the energy splittings. A minimum number of 4 coupled levels are needed, as in the tripod model, but more levels can be involved as long as the initial and the target state are not both the highest or the lowest energy eigenstates of the ground or excited manifolds.
To generalize the ARO demonstrated above for the tripod (3 + 1)-level model we now consider the population transfer in a system of two fully coupled 5-level ladders, or 5+5-level system, with Hamiltonian
where M, M = ±2, ±1, 0, and δ, δ are the energy splittings of the ground and excited manifolds. The left column of Fig. 3 shows the population of the target state as a function of the pulse area when we start in the |0 state to reach the target state |0 using ∆ = 0 or the target state | − 2 using ∆ = −2δ . If the transition is not resonant, an additional detuning modulates the oscillation and affects the maximum population transfer that can be achieved, as in Eq. (1) . When the pulse duration is of the order of the period associated with the energy splitting, the population flow is not fully selective but one can still observe ARO between the overall population of the manifolds. For shorter pulses we observe normal
Rabi oscillations and lower yields, due to Raman transitions.
The right column of Fig. 3 shows the corresponding dressed states when Ω 0 τ 0 = 10.
The symmetric arrangement minimizes the nonadiabatic couplings isolating the TLDS and a perfect ARO is observed, Fig. 3 
